First-principles calculations of the atomic structure and formation energies of semiconductor surfaces and surface steps are often complicated by the existence of complex structural patterns. We suggest here a simpler, algebraic ͑not differential͒ approach that is based on two observations distilled from previous first-principles calculations. First, a relatively large collection of equilibrium structures of surfaces and bulk point defects can be built from a limited number of recurring local ''structural motifs,'' including for GaAs tetrahedrally bonded Ga and As and miscoordinated atoms such as threefold-coordinated pyramidal As. Second, the structure is such that band-gap levels are emptied, resulting in charged miscoordinated atoms. These charges compensate each other. We thus express the total energy of a given surface as a sum of the energies of the motifs, and an electrostatic term representing the Madelung energy of point charges. The motif energies are derived by fitting them to a set of pseudopotential total-energy calculations for flat GaAs͑001͒ surfaces and for point defects in bulk GaAs. This set of parameters is shown to suffice to reproduce the energies of other ͑001͒ surfaces, calculated using the same pseudopotential approach. Application of the ''linear combination of structural motif'' ͑LCSM͒ method to flat GaAs͑001͒ surfaces reveals the following: ͑i͒ The observed h͑2ϫ3͒ surface may be a disordered c͑8ϫ6͒ surface. ͑ii͒ The observed ͑2ϫ6͒ surface is a metastable surface, only 0.03 eV/͑1ϫ1͒ higher than the ␣͑2ϫ4͒ surface having the same surface coverage. ͑iii͒ We confirm the recent suggestion by Hashizume et al. that the observed ␥͑2ϫ4͒ phase of the ͑2ϫ4͒ surface is a mixture of the ␤2͑2ϫ4͒ and c͑4ϫ4͒ surfaces. In particular, we examined an 8ϫ7 surface structure which has a lower energy than the earlier proposed ␥͑2ϫ4͒ structure. Application of the LCSM method to prototype steps on the GaAs͑001͒-͑2ϫ4͒ surface is illustrated, comparing the LCSM results directly to pseudopotential results.
First-principles calculations of the atomic structure and formation energies of semiconductor surfaces and surface steps are often complicated by the existence of complex structural patterns. We suggest here a simpler, algebraic ͑not differential͒ approach that is based on two observations distilled from previous first-principles calculations. First, a relatively large collection of equilibrium structures of surfaces and bulk point defects can be built from a limited number of recurring local ''structural motifs,'' including for GaAs tetrahedrally bonded Ga and As and miscoordinated atoms such as threefold-coordinated pyramidal As. Second, the structure is such that band-gap levels are emptied, resulting in charged miscoordinated atoms. These charges compensate each other. We thus express the total energy of a given surface as a sum of the energies of the motifs, and an electrostatic term representing the Madelung energy of point charges. The motif energies are derived by fitting them to a set of pseudopotential total-energy calculations for flat GaAs͑001͒ surfaces and for point defects in bulk GaAs. This set of parameters is shown to suffice to reproduce the energies of other ͑001͒ surfaces, calculated using the same pseudopotential approach. Application of the ''linear combination of structural motif'' ͑LCSM͒ method to flat GaAs͑001͒ surfaces reveals the following: ͑i͒ The observed h͑2ϫ3͒ surface may be a disordered c͑8ϫ6͒ surface. ͑ii͒ The observed ͑2ϫ6͒ surface is a metastable surface, only 0.03 eV/͑1ϫ1͒ higher than the ␣͑2ϫ4͒ surface having the same surface coverage. ͑iii͒ We confirm the recent suggestion by Hashizume et al. that the observed ␥͑2ϫ4͒ phase of the ͑2ϫ4͒ surface is a mixture of the ␤2͑2ϫ4͒ and c͑4ϫ4͒ surfaces. In particular, we examined an 8ϫ7 surface structure which has a lower energy than the earlier proposed ␥͑2ϫ4͒ structure. Application of the LCSM method to prototype steps on the GaAs͑001͒-͑2ϫ4͒ surface is illustrated, comparing the LCSM results directly to pseudopotential results.
I. INTRODUCTION: THE BASIC IDEA
With the advent of scanning tunneling microscopy ͑STM͒ and spectroscopy techniques, it is now possible to examine in detail the adequacy of the theoretically proposed atomicscale structures of surfaces. While it is possible to directly calculate from first principles the total energies of various flat surface structures, and in some simple cases even the relative energies of the structurally more complex surface steps, 1 these first-principles calculations suggest a simpler, approximate approach to such time-consuming calculations. Two central observations are pertinent here: First, in a relatively large collection of proposed structures of III-V ͑001͒ surfaces 2-4 ͑Figs. 1-3͒, as well as in calculated structures of bulk point defects, 2-5 the cation and anion atoms assume only a small number of local structures, to be named here ''structural motifs.'' For example, all the local-density approximation ͑LDA͒ derived GaAs͑001͒ surface structures in Figs. 1-3 can be thought of as being built from different combinations of the seven structural motifs in Fig. 4 : Denoting the local coordination number by superscripts, these motifs include tetrahedrally bonded Ga ͑4͒ and As
͑4͒
, pyramidal As
͑3͒
, planar Ga
, and bridge site Ga . In addition to the ''one-site motifs,'' ''two-site motifs'' are also needed here to account for ''wrong bonds'' ͑i.e., the Ga-Ga and As-As bonds͒. Second, previous studies on GaAs͑001͒ surfaces 6 reveal equilibrium atomic structures for which all electronic shells ͑or gap levels͒ are either completely full or completely empty. ͑We refer to this as the generalized ''octet rule.''͒ Application of this rule to candidate surface structures predicts a set of point charges on the various surface atoms. While assignment of these charges leads to an insulating surface, in satisfaction of the octet rule, this rule does not automatically guarantee overall charge neutrality. Deviations from neutrality would have led to a divergent electrostatic energy ͑''Coulomb catastrophe''͒ for two-dimensional systems ͑i.e., surfaces͒, as well as for one-dimensional systems ͑i.e., steps͒. However, by combining oppositely charged atoms, e.g., the ϩ 3 4 electron Ga ͑3͒ donor with the Ϫ 3 4 electron As ͑3͒ acceptor, we can restore charge neutrality through ''charge compensation.'' Concurrently, we gain the energy resulting from charge transfer from the near-conduction-band minimum Ga ͑3͒ donor level to the near-valence-band maximum As ͑3͒ acceptor level, 7 as well as the Madelung energy resulting from the interaction of the ϩ 3 4 and Ϫ 3 4 point charges. Stable ͑or nearly stable͒ surface structures produced by LDA total-energy calculations on GaAs͑001͒ surfaces appear to always obey the above noted ''charge-compensation octet rule. '' 3,4 This appears to result in the rather small number of ''local structural motifs'' ͑Fig. 4͒ at the, e.g., ͑001͒, surfaces. These observations suggest then a simple strategy for identifying the atomic topology of stable surface or steps and estimating their formation energies. ͑The method does not provide the precise relaxed atomic positions, i.e., ''geometry,'' but does give the basic structural elements, i.e., ''topology.''͒ In this paper, we describe the basic method ͑Sec. II͒ and then apply this ''linear combination of structural motifs'' ͑LCSM͒ method to ͑i͒ 12 reconstructions on the flat GaAs͑001͒ surface, where comparison to LDA formation en-ergies are presented ͑Sec. III͒; ͑ii͒ additional reconstruction models for GaAs͑001͒ that are too computer intensive for current pseudopotential LDA calculations ͑Sec. IV͒; ͑iii͒ prototypical steps on GaAs͑001͒-␤2͑2ϫ4͒ surface ͑Sec. V͒. We find that the LCSM method provides good quantitative estimates of the formation energies and, at the same time, distills essential features from complex LDA calculations.
II. THE METHOD OF LINEAR COMBINATION OF STRUCTURAL MOTIFS
Based on the discussion in the Introduction, we postulate that the total energy of a system ͑ϭbulk point defects, surfaces, or steps͒ can be written as
where
is a linear combination of structural motif energies ⑀ M with M ͑͒ being the frequency of occurrence of motif M . We use the same characteristic motif energy ⑀ M for motif M , irrespective of the identity of its neighbors. The effects of different nearest-neighbor atoms are implemented through two-site ''wrong bond'' motifs and by the long-range interactions described electrostatically by a Madelung energy,
͑3͒
Here, Q i is the charge of the ith atom at position R i and ⑀ is the effective dielectric constant ͑ϭ13 for bulk GaAs and to be determined for surfaces͒. Table I lists the various local motifs M , indicating in some cases in square brackets their nearest-neighbor atoms. Note that the identity of atoms in the FIG. 1. Top and side views of four ''flat'' GaAs surface structures depicted in a ball-stick model. The filled and open circles are Ga and As, respectively, with descending sizes from the top surface layer. In the top view, the thick shaded lines denote surface unit cells. In the side view, the thin bonds indicate the bulk bonds that are not shown in the top views and the double lines indicate that the atom has two bonds in the direction perpendicular to the paper. The numbers denote the point charge assigned according to the octet rule ͑Table I͒. ͔ is constant in all of these cases, the charge Q͓Ga ͑3͒ ͔ does depend on the identity of the nearest neighbors, through application of the octet rule. Appendix A ͑Ref. 8͒ illustrates how the application of the octet rule leads to given point charges Q i used in Eq. ͑3͒. Table I summarizes the values of Q i for all the motifs used in the present work, including various choices of their neighbors. The bottom halves of Figs. 1-3 show these point charges for each type of surface atoms on the various surface structures. It is important to notice that in Eq. ͑2͒, the energy ⑀ M of a motif corresponds to an average ⑀ M ϳ⌺ E() M Ϫ1 () over all energies E͑͒ in which motif M is embedded. Thus, we cannot interpret a motif as a geometrical entity with given bond lengths and angles, but rather as a topological entity defined through Eq. ͑2͒. Furthermore, we cannot speak of motifs changing their shape or charge when their ͑distant͒ neighbors change, since ⑀ M is already an average.
The last term in Eq. ͑1͒ is the ''reservoir energy,''
͑4͒
We assume that the system is in equilibrium with a reservoir R, containing N Ga of Ga atoms and N As of As atoms with chemical potentials Ga and As , and N e of electrons with a Fermi energy e . The term of Eq. ͑4͒ is needed in order to account for both material and electron balance in a chemical reaction 0 →. 9 In this case, the system formation energy can be written as
where ⌬ denotes the appropriate difference. For example, formation of a Ga vacancy in bulk GaAs leads to the capture of three electrons from the electron reservoir ͑the ''Fermi sea''͒ and to the ejection of a Ga atom into the Ga reservoir. The formal reaction is
Denoting the formation energy of an isolated Ga vacancy by ⌬E(V Ga 3Ϫ ͒ϭ⌬E LCSM ͑V Ga 3Ϫ ͒ϩ⌬E Mad ͑V Ga 3Ϫ ͒, the formation energy corresponding to the vacancy in equilibrium with the reservoirs ͓Eq. ͑6͔͒ is thus TABLE I. Charge assignments in units of the absolute value of the electron charge (e) for various atoms. The square brackets in the second column denote the nearest neighbors to a given atom. Lines 1-6 apply to ''normal site'' atoms ͑i.e., Ga on a Ga site and As on an As site͒ without surface rebonding, while lines 7-10 apply to normal site atoms, with surface rebonding, and lines 11-14 apply to ''antisite'' atoms ͑i.e., Ga on an As site and As on a Ga site͒ regardless of surface rebonding. 
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Q͓As Ga ͑3͒ ͔ϭQ͓Ga Ga ͑3͒ ͔ so in Eq. ͑5͒ ⌬N Ga ϭ1 and ⌬N e ϭϪ3. We assume that the system is also in equilibrium with bulk GaAs, 10 leading to the constraint Ga ϩ As ϭ GaAs ϭϪ⌬H, ͑8͒
where ⌬Hϭ͓E͑Ga solid͒ϩE͑As solid͔͒ϪE͑bulk GaAs͒ ϭ0.92 eV is the heat of formation of bulk GaAs calculated using LDA. 3 Equation ͑8͒ then allows us to eliminate a single variable, i.e., As , and to express the reservoir energy as ⌬E R ͑, Ga , e ͒. This gives
The deposition of solid Ga ͓if Ga exceeds Ga ͑solid Ga͔͒ and deposition of solid As ͓if As exceeds As ͑solid As͔͒ provide sufficient conditions limiting the range of the atomic chemical potentials Ga and As . These conditions, along with Eq. ͑8͒, set the range for the Ga chemical potential: Ϫ⌬Hр Ga р0. The range of the Fermi energy is bound by the band gap of GaAs, i.e., 0р e рE g ϭ1.5 eV ͑see Ref. 5͒. The final form of the formation energy is then
Except for the case of bulk point defects, the chargecompensation octet rule ⌺ i Q i ϭ0 applies. The latter equation implies ⌬N e ͑͒ϭ0Ϫ0 in Eq. ͑10͒. Thus, the surface and step formation energies are independent of e , so ⌬E ϭ⌬E͑, Ga ͒.
Considering Eq. ͑10͒, for each candidate system with respect to the reference system 0 , we know ͕⌬ M ͖ ͑by counting motifs͒, as well as ͑⌬N Ga Ϫ⌬N As ͒, ⌬N As , and ⌬N e ͑by counting atoms and electrons͒ and the charge ͕Q i ͖ ͑see Appendix A and Table I͒. The unknowns are the surface dielectric constant ⑀ s and the motif energies ͕⑀ M ͖. We will extract ⑀ s and ͕⑀ M ͖ by fitting Eq. ͑10͒ to a set of LDA calculations on octet bulk point defects ͑i.e., those bulk point defects whose gap levels are empty͒ and on nominally flat surfaces. The reliability of the LCSM approach will then be tested by its ability to reproduce LDA energies of surface structures not used in the fit. Once the convergence of Eq. ͑10͒ is established, we will apply the LCSM method to problems yet untreated by the LDA.
III. GaAs"001… SURFACE ENERGIES
A. The LCSM vs the LDA The coefficients ͕⌬ M ͖ of the motif energies of Eq. ͑10͒ are listed in Table II for various octet bulk point defects and for ͑001͒ surface structures discussed in this paper. Results of ab initio LDA calculations [3] [4] [5] are given in the last column. Seven LDA energies are used to deduce the motif energies ͕⑀ M ͖ by equating the LCSM energy of Eq. ͑10͒ to the LDA energy. This is done in two steps: we first combine the four LDA-calculated GaAs bulk point defect energies ͑lines 1-4 in Table II͒ ͒, and ⑀͑As-As͒, all expressed in terms of ⑀͑Ga-Ga͒. Numerical values are given in Fig. 4 . Second, we used three surface structures, ␤2͑4ϫ2͒, c͑8ϫ2͒, and c͑2ϫ2͒ ͑see lines 11, 12, and 16 in Table II͒ to determine the remaining motif energy parameter ⑀͑Ga ͑2͒ ͒ and the effective surface dielectric constant ⑀ s . We need here three, instead of two, equations, because it appears that at the surface the As-As dimer bonds, and the As-As back bonds appearing in the ␥͑2ϫ4͒ and c͑4ϫ4͒ structures in Figs. 1 and 2, have a different energy than bulk As-As bond. We obtain an energy difference of ⑀͑␦ As-As ͒ϭϪ0.45 eV, suggesting that the surface As-As bonds are strengthened with respect to bulk. No such effect is found for surface Ga-Ga bonds. The bottom halves of Figs. 1-3 show the point charges used in our Madelung sum. The fit to LDA yield a surface dielectric constant ⑀ s ϭ8.1. One may independently derive ⑀ s from classical electrodynamics, 11 using a GaAs bulk dielectric constant ⑀ b ϭ13. The result is ⑀ s ϭ⑀ b ϩ1/2ϭ7, in reasonable agreement with our fitted result of 8.1.
Having established the energies ͕⑀ M ͖ of the characteristic motifs and the effective surface dielectric constant ⑀ s , we can now use Eq. ͑10͒ to predict the energies of independent surface structures. Comparison of the LCSM results with the LDA results for structures not used in the fit ͑see entries in the next to the last column of Table II not marked ''fitted''͒ shows that the LCSM formation energies, with respect to the ␣͑2ϫ4͒ surface, overestimate the LDA results ͑since all the errors are positive͒. The maximum error is 0.1 eV/͑1ϫ1͒ for the ␤ rep ͑4ϫ2͒ structure, while the minimum error is 0.0 eV/ ͑1ϫ1͒ for the ␣͑4ϫ2͒ structure. Thus, the average LCSM error is Ϯ0.05 eV/͑1ϫ1͒.
A graphic depiction of the Tϭ0 GaAs͑001͒ surface formation energies, with respect to the ␣͑2ϫ4͒ surface is given in Fig. 5 as a function of the Ga chemical potential Ga . It is essential for later calculations that the LCSM calculations FIG. 4 . Local structural motifs are shown schematically along with the motif energies, ⑀ M ͑in eV͒ relative to the energy of the Ga-Ga bond, ⑀͑Ga-Ga͒. The reference corresponds to all the Ga and As atoms in their solid forms ͓i.e., ͑solid Ga͒ϭ ͑solid As͒ϭ0͔. We use filled circles to denote Ga atoms and open circles to denote As atoms. The empty dangling bond orbital of Ga
͑3͒
and the filled dangling-bond orbital of As ͑3͒ , as well as the Ga-Ga and As-As ''wrong bonds,'' are also indicated.
here reproduce well the sequence of stable surface energies over the entire physical range of Ga . We see that they do: Going from As rich to Ga rich, the sequence c͑4ϫ4͒→ ␤2͑2ϫ4͒→␣͑2ϫ4͒→␤2͑4ϫ2͒ is reproduced. We further see that the LCSM method also reproduces reasonably well the order of energies and the ''crossing point'' chemical potentials of the LDA calculation.
Experimentally, three distinct STM surface phases ͑i.e., ␣, ␤, and ␥ phases͒ have been observed [12] [13] [14] [15] [16] [17] on GaAs͑001͒-͑2ϫ4͒ surfaces at different growth conditions. The ␤ phase is the most stable. 13, 17 Farrell and Palmstrom 12 suggested the following atomic structures in the topmost surface layer for these phases: ͑␣͒ two As-As dimers; ͑␤͒ three As-As dimers; and ͑␥͒ a single As-As dimer with a 90°rotation, with respect to the normal As-As dimer orientation in ͑␣͒ and ͑␤͒. Later experiments, 13 however, suggested that the ␤ phase also has two As-As dimers in the top-most surface layer. Recent LDA total-energy calculations by Northrup and Froyen 3, 4 revealed that the ␤ phase, which is stable ͓see Fig.  5͑a͔͒ over a broad chemical-potential range Ϫ0.7 eVϾ Ga ϾϪ0.2 eV, has a structure ͑␤2͒ containing two As-As dimers at the top-most surface layer and a third dimer located two layers below ͑see Fig. 1͒ . Recent STM and reflection high-energy electron-diffraction ͑RHEED͒ measurements by Hashizume et al. 17 have confirmed the calculation of Northrup and Froyen. Hashizume et al. further showed 17 that the ␥ phase is a mixed phase containing locally ordered ␤2 structures coexisting with disordered c͑4ϫ4͒ structures.
B. Interpretation of relative surface stabilities
Once the basic motif energies and point charges are determined, the LCSM method permits a simple interpretation of the stability of various surfaces in terms of point-ion electrostatics and motif frequencies. Figure 4 shows, however, that the fitted motif energies ͕⑀ M ͖ depend on an undetermined energy of one of the motifs ͓⑀͑Ga-Ga͒ in the case of Fig. 4͔ . Thus, the individual ⑀ M 's are not known in absolute value, although the sum ⌺ M M ⑀ M is well defined for any real physical process. To assist in the interpretation of surface stability, it then makes sense to transform the set ͕⑀ M ͖ into a set of renormalized, chemical-potential-dependent mo-TABLE II. Coefficients that enter Eq. ͑10͒ are listed here for ͑i͒ point defects, ͑ii͒ ͑001͒ flat surfaces, and ͑iii͒ ͑001͒ surface steps of GaAs. The first eight columns give the frequency, M ͑͒Ϫ M ͑ 0 ͒ for the motifs indicated in the header ͓ 0 ϭbulk GaAs for point defects, and 0 ϭ␣͑2ϫ4͒ for flat surfaces. 0 for steps is indicated after the name of each step structure͔. ⌬N e is the coefficient of e , while ⌬N Ga Ϫ⌬N As and Ϫ⌬N As are the coefficients for Ga and ⌬H, respectively. Columns 12-14 give, respectively, the Madelung energy ⌬E Mad , the LCSM formation energy ⌬E*ϭ⌬EϪ⌬N e e Ϫ͑⌬N Ga Ϫ⌬N As ͒ Ga , and the corresponding LDA formation energy E LDA * . We use ͑-͒ to denote ''not applicable'' and NA to denote ''not available.'' The seven entries denoted ''fitted'' were used to fit the LCSM results; all other ⌬E values obtained by the LCSM are predicted, with no additional input.
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As Table III gives our choice of the renormalized motifs labeled M 1 to M6. Unlike the original motifs ͕⑀ M ͖ of Fig. 4 , each of the renormalized motifs ͕⑀ M ͖͑͒ corresponds to a formal reaction creating either an isolated bulk point defect or a defect pair: M 1 is the motif for the creation of bulk GaAs from the Ga and As reservoirs, while M 2, M 3, M 4, and M 5 are, respectively, 1 3 of the motif for creating a Ga-As vacancy pair, 1 3 of the motif for creating a Ga As -As Ga antisite pair, the motif for creating a Ga As ͑4͒ antisite, and the motif for creating a threefold-coordinated Ga As ͑3͒ antisite from bulk GaAs. M 6 is not really a bulk motif, describing instead the creation of a twofold-coordinated Ga ͑2͒ atom from a surface Ga
͑3͒
-Ga ͑3͒ dimer. Unlike ͕⑀ M ͖, each of the renormalized motifs carries an absolute ''reaction energy.'' This is given in Table III .
Using the renormalized motifs ͕⑀ M ͖ for surfaces and surface defects, Eq. ͑10͒ simplifies to
Considering the values of ͕⑀ M ͖ of Table III , we see that M 1 is a ''neutral'' motif with ⑀ M ϭ0, while, with the exception of ␦ As-As , the rest of the motifs have positive ͑i.e., destabilizing͒ energies. The motif energies, ⑀ Table III shows that these surface pairs have identical motifs (M ) and identical motif frequencies (⌬ M ) so, by Eq. ͑11͒, their energy difference is determined by the Madelung energy difference alone.
͑ii͒ Figure 5 exhibits an apparent asymmetry between the As-terminated and the Ga-terminated surfaces: over a larger chemical potential range, the As-rich surfaces are more stable. Taking the transition between the As-terminated ␤2͑2ϫ4͒ to the Ga-terminated ␤2͑4ϫ2͒ surface as an example, we see that the transition occurs at Ga ϭϪ0.18 eV, about 0.28 eV higher than the midpoint, Ga ϭϪ0.46 eV, of the allowed Ga chemical potential window, Ϫ0.92Ͻ Ga Ͻ0 eV. This asymmetry is caused by the strengthening of surface As-As bonds, ⑀͑␦ As-As ͒ϭϪ0.45 eV: If we let ⑀͑␦ As-As ͒ϭ0, then the ␤2͑2ϫ4͒ to ␤2͑4ϫ2͒ transition would be at Ga ϭϪ0.52 eV, much closer to the midpoint. One can see from Table II that all the Ga-rich surfaces ͓i.e., ␤͑4ϫ2͒, ␤2͑4 ϫ2͒, ␤ rep ͑4ϫ2͔͒ and the surfaces with equal Ga and As coverages ͓i.e., ␣͑4ϫ2͒, ͑2ϫ1͒, c͑2ϫ2͒, and ͑2ϫ6͔͒ have negative ⌬ ␦ As-As frequencies, while all the As-rich surfaces ͓i.e., ␤͑2ϫ4͒, ␤2͑2ϫ4͒, ␥͑2ϫ4͒, c͑4ϫ4͒, c͑8ϫ6͒, 8ϫ7, and 8ϫ3͔ have positive ⌬ ␦ As-As .
͑iii͒ Table III reveals remarkably simple regularities among the various flat GaAs͑001͒ surface structures studied by LDA ͑Lines 1-12 in Table III͒ : ͑a͒ With the exception of ␣͑4ϫ2͒, the weights of the M 3 and ␦ As-As motifs are equal.
Hence, for most cases, we can group them into a single ͑M 3ϩ␦ As-As ͒ motif with a motif energy ⑀͑M 3ϩ␦ As-As ͒ϭ0.65 eV. ͑b͒ With the exception of the 2ϫ1 and c͑2ϫ2͒ surfaces, all other surfaces involve only three ͑out of six͒ renormalized motifs, i.e., M 2, ͑M 3ϩ␦ As-As ͒, and M 5. ͑iv͒ The energy difference between the stable Asterminated ␤2͑2ϫ4͒ and the Ga-terminated ␤2͑4ϫ2͒ surfaces can be written as E͓␤2͑2ϫ4 ͔͒ϪE͓␤2͑ 4ϫ2 ͔͒ϭ Since ⌬E Mad ϭ0.01 eV is negligible, the energy difference in Eq. ͑13͒ is determined by the energies of the M 3 and M 5 motifs: a positive ⑀͑M 3ϩ␦ As-As ͒ϭ0.65 eV stabilizes the ␤2͑4ϫ2͒ surface, while a positive ⑀(M 5) stabilizes, instead, the ␤2͑2ϫ4͒ surface. Recalling that Ga is negative, the Ga dependence of ⑀(M 5)ϭ0.71Ϫ2 Ga ͑eV͒ increases the energy of ␤2͑4ϫ2͒, as one moves to Ga-poor ͑more negative Ga ͒ conditions, thus explaining the ␤2͑4ϫ2͒ to ␤2͑2ϫ4͒ transition.
Similarly, the energy difference between the c͑4ϫ4͒ and ␤2͑2ϫ4͒ surfaces can be written as
With a ⌬E Mad of only 0.05 eV, again the interplay between M 3 and M 5 motif energies dominates the transition between the two structures. ͑v͒ The ͑2ϫ1͒ and c͑2ϫ2͒ structures have the most negative Madelung energies ͑see Table II͒, yet their formation energies are higher than that of the ␣͑2ϫ4͒ surface. Table III provides the reason. It shows that among other things, the creation of the ͑2ϫ1͒ and c͑2ϫ2͒ structures requires the conversion of 1 4 of the relatively low-energy M 5 motif into a relatively high-energy M 4 motif, costing 0.47 eV. This offsets part of the ϳ0.7 eV more negative Madelung energies of the ͑2ϫ1͒ and c͑2ϫ2͒ structures. It is interesting to note that the M 6 motif ͑which is the only motif linked to surface Ga ͑2͒ atoms͒ does not greatly destabilize the ͑2ϫ1͒ and c͑2ϫ2͒ surfaces per se.
IV. GaAs"001… SURFACE STRUCTURES UNEXPLORED BY THE LDA
Using the LCSM approach, we now explore surface structures for which the surface cell size can be too large to be handled efficiently with current LDA first-principles techniques. This includes ͑i͒ the disordered ''2ϫ3'' surface, 19 ͑ii͒ the 2ϫ6 surface, 20 and ͑iii͒ the mixed ␥ phase of the 2ϫ4 surface.
17
A. The ''2؋3'' surface
Two 2ϫ3 surface phases were observed 19 by RHEED during molecular-beam epitaxy growth, corresponding to approximate 0.9 ͑low͒ and 1.1 ͑high͒ ML As coverage. Gomyo et al. 21 recently observed that an ͑unspecified͒ 2ϫ3 surface is responsible for a different type of three period ordering for Al 0.48 In 0.52 As alloy on InP͑001͒. They proposed a structural model for the 2ϫ3 surface ͓Fig. 6͑a͔͒. Since their reasoning for the ordering is rooted in the atomic-scale structure of the surface ͑in particular, the orientation and periodicity of the surface As-As dimers͒, one wonders whether the structural model proposed by Gomyo et al. represents a reasonably TABLE III. Coefficients that enter Eq. ͑11͒ for ͑i͒ flat surfaces and ͑ii͒ surface steps of GaAs, using renormalized motifs ͑M 1 to M6͒ and ␦ As-As . The relations between the renormalized motifs and those in Fig. 4 are given under the headers with the chemical potential dependence included. 19. DBA ͑Sϭ0͒/␤2͑2ϫ4͒ 0 0 0 0 0 0 0 stable surface. Unfortunately, following the octet rule, we see that this surface is not charge compensated ͑note the charge assignment at the bottom of Fig. 6͒ , so this structure cannot be stable. Here, we modify the model of Gomyo et al. to achieve surface charge compensation. This is done by removing some of the surface As-As dimers. The resulting c͑8ϫ6͒ structure, containing 24 atoms per unit cell ͓see Fig.  6͑b͔͒ , differs from the original model of Gomyo et al., by having a missing As-As dimer for every eight dimers in a row. We suggest that the experimentally observed 2ϫ3 surface could be a c͑8ϫ6͒ surface, which appears in the RHEED as 2ϫ3, due to disorder of the missing dimers. The c͑8ϫ6͒ surface structure is stabilized ͑see Table III͒ by a high density of As-As adatom dimers on an As-terminated surface. Our LCSM calculation indicates that the ensuing c͑8ϫ6͒ structure has only slightly higher formation energies than the stable c͑4ϫ4͒ surface in the chemical-potential range surrounding the c͑4ϫ4͒→␤2͑2ϫ4͒ transition ͑see Fig.  7͒ . Thus, a disordered c͑8ϫ6͒ ͑or 2ϫ3͒ surface may exist at growth temperatures, due to entropy gain by surface disorder, but it could disappear as a stable surface structure after growth. The calculated surface As coverage for the c͑8ϫ6͒ surface is 1.0833 ML. This value is reasonably close to the observed 19 coverage for the high As coverage 2ϫ3 surface, i.e., ϳ1.1 ML. In light of the similarity between the c͑8ϫ6͒ and the ͑2ϫ3͒ surface models in Fig. 6 ͑in particular, the identical dimer orientation͒, we believe that the basic argument given by Gomyo et al. for the association of the three period ordering with such surface dimer orientation is still valid. Figure 8 shows the 2ϫ6 surface structure proposed by Biegelsen et al. 20 based on their STM images. We see that although the 2ϫ6 surface has a 1 12 lower density of the ͑M 3ϩ␦ As-As ͒ motif, the ensuing energy gain is not sufficient to offset the energy loss, due to 1 6 higher density of the M 2 motif. The net increase in the energy of motifs is, nevertheless, largely offset by the 0.14 eV decrease in the Madelung energy, due to a more even distribution of surface donor and acceptor charges. Thus, the 2ϫ6 surface is only 0.03 eV higher in energy than the stable ␣͑2ϫ4͒ surface. Experimentally, the 2ϫ6 surface is obtained from the annealing of an As-rich c͑2ϫ8͒ surface ͓which is a variation of the ␤2͑2ϫ4͒ surface͔. We, thus, expect that annealing drives off some of the surface As-As dimers. The observed 2ϫ6 surface is also not completely ordered. This may be caused by the fact that the 2ϫ6 surface is only metastable. To see whether a structure resembling the mixed phase can have a lower energy than the ␥͑2ϫ4͒ surface structure of Fig. 1 , we constructed, starting from the two models suggested in Ref. 17 , an 8ϫ7 ͑ϭ56 atoms per cell͒ surface structure with an open area of 7ϫ ͓see Fig. 9͑a͔͒ . The 8ϫ7 cell contains three c͑4ϫ4͒ surface cells and four ␤2͑2ϫ4͒ surface cells. While each c͑4ϫ4͒ cell has three As adatom dimers and one missing dimer as shown in Fig. 2 , the ␤2͑2ϫ4͒ cells are deformed to fill the space left by the c͑4ϫ4͒ cells. This 8ϫ7 structure is not the only structure that can be made from the ␤2͑2ϫ4͒ and c͑4ϫ4͒ surfaces. We can also make 8ϫ9, 8ϫ11, and similar structures. The smallest charge compensated supercell is the 8ϫ5 cell, where the As-As dimers of the ␤2͑2ϫ4͒ cells in the open area in Fig.  9͑a͒ become surface nearest neighbors. The 8ϫ5 surface has a higher surface energy, due to Coulomb repulsion among these dimers. The motif frequencies for the 8ϫ7 surface are shown in Table II, line 19 and in Table III, line 15 . These motifs are, in fact, the average of the motif frequencies of three c͑4ϫ4͒ and four ␤2͑2ϫ4͒ surface cells. Thus, the energy difference between the 8ϫ7 surface and the average of c͑4ϫ4͒ and ␤2͑2ϫ4͒ surfaces lies in the Madelung energy difference, which is higher for the 8ϫ7 surface by about 0.026 eV/͑1ϫ1͒. This is expected, since we must sacrifice the Madelung energy in order for a complete space filling in the 8ϫ7 surface. The energy of the 8ϫ7 structure vs Ga is shown in Fig. 7 : It is lower than that of the ␥͑2ϫ4͒ structure. In particular, at the chemical potential corresponding to the c͑4ϫ4͒→␤2͑2ϫ4͒ transition, the calculated energy of the 8ϫ7 structure is about 0.06 eV/͑1ϫ1͒ lower. This confirms the work of Hashizume et al. Since the real 8ϫ7 structure is disordered, its energy will be further lowered at finite temperatures, due to an entropy term. This may explain its apparent stability at growth temperatures.
B. The 2؋6 surface
The 8ϫ7 surface has the As-As dimers on the top surface, while the As-As adatom dimers are all in the open area ͓see Fig. 9͑a͔͒ . An alternative of the mixed surface structure can have, instead, the As-As adatom dimers on the top surface, while the As-As dimers are in the open area. One such example is the 8ϫ3 ͑ϭ24 atoms per cell͒ surface shown in Fig.  9͑b͒ . This surface has a c͑4ϫ4͒ to ␤2͑2ϫ4͒ ratio of 2:1. Figure 7 shows that the energy of the 8ϫ3 surface is also lower than that of the ␥͑2ϫ4͒ structure in the As-rich regime. Hashizume et al. did not observe the 8ϫ3 surface, so it is probably not a part of the ␥͑2ϫ4͒ surface phase. However, the surface excess of As atoms for this surface is 11 12 ϭ0.917 ML along with a 3ϫ periodicity in the ͓110͔ direction, suggesting that its disordered version could be the l͑2ϫ3͒ surface observed by Norenberg and Koguchi 19 ͑see Sec. IV A͒. Besides the above surface reconstructions, other GaAs͑001͒ surface patterns were also observed by RHEED. These include, 22 going from As-rich to Ga-rich growth conditions, the As-rich ''disordered'' ͑4ϫ4͒ ͓d͑4ϫ4͔͒ surface, the transitional 3ϫ1 and 4ϫ6 surfaces, and the Ga-rich 1ϫ6 surface. It has been suggested 20, 23 that the 2ϫ6 model here would simulate the 1ϫ6 and 4ϫ6 surfaces rather well. The metastable character of the surface revealed by the present calculation also agrees with what is known about the 1ϫ6 and 4ϫ6 surfaces. On the other hand, the 3ϫ1 surface may be the Ga-rich analog of the disordered As-rich 2ϫ3 surface in Sec. IV A. At this stage, more structural information about the d͑4ϫ4͒ surface is required to determine the microscopic nature of this surface.
V. APPLICATION OF THE LCSM APPROACH TO STEPS ON THE GaAs"001… SURFACE
We next illustrate the application of the LCSM approach to GaAs͑001͒-2ϫ4 surface steps. We will restrict ourselves to bilayer and double bilayer steps that can be made up out of the structural motifs of Fig. 4 ͑extension to many more surface steps will be discussed elsewhere 24 ͒. We further identify only those step structures that satisfy the chargecompensation octet rule. These are reasonable assumptions, since the nominally flat GaAs͑001͒ surfaces that were used to extract the LCSM parameters involve local troughs, whose facets ͑see Figs. 1-3͒ are miniforms of the ͑001͒ surface monolayer steps and the bilayer steps discussed here.
The GaAs͑001͒ surface is a polar surface with an atomic stacking sequence... Ga/As/Ga/As. The step height h in unit of monolayer spacing ͑ϭa/4, where a is the bulk lattice constant͒ can thus only be a multiple of 2, i.e., hϭ2t, where tϭ1,2,... . This ensures that the upper and lower terraces are identical, made, in this case, of the As-terminated 2ϫ4 surfaces. Furthermore, the ͑001͒ surface has two orthogonal, inequivalent surface orientations ͓͑110͔ and ͓110͔͒. This leads to two types of basic steps: the A step, with edges parallel to surface As-As dimers along the ͓110͔ direction, and the B step, with edges perpendicular to the dimers.
Steps created as a pure geometric construct, for example, the primitive AI, AII steps on a ␤2͑2ϫ4͒ surface and the BII step on a ␤͑2ϫ4͒ surface shown in Fig. 10 , do not automatically satisfy the charge-compensation octet rule: the AI, AII, and BII steps have the charge Q AI ϭϩ0.25, Q AII ϭϪ0.25; and Q BII ϭϪ0.75, respectively ͑in unit of absolute value of an electron charge͒. Charged steps are electrostatically unstable. Below, we will discuss chargecompensated ͑''derivative''͒ steps derived by modifying these ''primitive'' steps. Thus, the AI step will be altered to AI-1, the BII step will be altered to BII-1, etc. These changes, as will be seen below, will convert electrostatically unstable steps into stable steps.
We will compare LDA calculations with the predictions of the LCSM method. Due to computer limitation, however, we will study here via the LDA only two simple steps for which the supercell sizes are either comparable to, or only slightly larger than that of the 2ϫ4 surface cell. A supercell scheme ͓see Appendix B ͑Refs. 25 and 26͔͒ is used to calculate the reference LDA step energies.
A. The AI-1 step
The structure of the AI-1 step on a ␤2͑2ϫ4͒ surface is shown in Fig. 11͑a͒ . This step is stabilized relative to AI by adding one Ga atom to every four-step units in Fig. 10͑a͒ , forming a Ga ͑3͒ motif. As Appendix A shows, the charge of an atom depends on its nearest neighbors. In the case of the AI-1 step, the added Ga ͑3͒ atom not only brings to the step a charge of Qϭϩ 1 4 ͑Table I, line 7͒, but also alters the nearestneighbor configurations of its two As ͑3͒ and one Ga ͑4͒ nearest-neighbor atoms, and thus their charge assignment. Using the rule of Table I , we find that the added Ga ͑3͒ atom effectively compensates four units of the AI step.
The predicted formation energy of the AI-1 step from the flat ␤2͑2ϫ4͒ surface ͑per unit step͒ is formation energies of the AI-1 step for Ga ϽϪ0.21 eV. No LDA calculation was performed here.
B. The BII-1 step
This is a B step on a ␤͑2ϫ4͒, not the ␤2͑2ϫ4͒, surface ͓Fig. 11͑b͔͒. This step is stabilized with respect to BII by forming one As ͑3͒ vacancy for every four BII step units. The predicted LCSM formation energy of the BII-1 step from the ␤͑2ϫ4͒ surface ͑per unit step͒ is
We see that the formation of the BII-1 step results in a 3 8 decrease of the M 1 motif ͓⑀(M 1)ϭ0.0 eV͔, but with a large, 7 16 increase of the M 2 motif ͓⑀(M 2)ϭ1.37 eV͔. In comparison, the Ϫ Our LDA calculation showed that the BII-1 step is semiconducting with a band gap of ϳ1 eV. The highest occupied states are the dangling-bond states of the step edge As ͑3͒ atoms and the lowest unoccupied states are the danglingbond states of the Ga ͑3͒ atoms surrounding the As ͑3͒ vacancy. We obtain an LDA step formation energy ͑per unit step͒ of
close to the LCSM prediction ͓Eq. ͑17͔͒.
C. The double A"S‫…0؍‬ step on ␤2"2؋4…
The primitive AI step ͑Q AI ϭϩ0.25͒ and AII step ͑Q AII ϭϪ0.25͒ of Fig. 10 can be combined into chargecompensated surface structures, since Q AI ϩQ AII ϵ0. There are two ways to combine the two: ͑i͒ making a lower terrace from the AI step and a higher terrace from the AII step ͑or vise versa͒. This does not lead to a surface step per se, but rather to a surface groove. We denote by S ͓in unit of four surface atomic spacings ͑4ϫ͔͒ the step separation. The Sϭ0 case corresponds to the nominally flat ␤2͑2ϫ4͒ surface. ͑ii͒ Making both the AI and AII steps down steps ͑or up steps͒. This results in double bilayer height A (S) steps. Figure  11͑c͒ shows the Sϭ0 double A ͑DBA͒ step, which is the analog of the Sϭ0 groove, i.e., the ␤2͑2ϫ4͒ surface. The LCSM formation energy for the DBA ͑Sϭ0͒ step relative to the ␤2͑2ϫ4͒ surface ͑per unit step͒ is E͓DBA͑Sϭ0 ͔͒ϪE͓␤2͑ 2ϫ4 ͔͒ϭ⌬E Mad ϭ0.05͑eV͒. ͑19͒
The Sϭ0 double A step and a ␤2͑2ϫ4͒ surface unit cell have identical surface motifs and motif frequencies. Their energy difference is thus purely electrostatic. This energy is positive, due to a vertical separation between the AI and AII steps in the DBA ͑Sϭ0͒ arrangement, which is zero in the ␤2͑2ϫ4͒ surface. Our LCSM calculations 24 reveal that while the formation energies of steps are positive, the DBA ͑Sϭ0͒ and AI-1 steps are the two most stable surface A steps over the entire chemical-potential range of stable ␤2͑2ϫ4͒ surface ͑Ϫ0.7Ͻ Ga ϽϪ0.2 eV͒. The DBA ͑Sϭ0͒ step has the lowest step formation energy for Ϫ0.7Ͻ Ga ϽϪ0.29 eV. The LDA total-energy calculation showed that near the band gap, the electronic structure of the DBA ͑Sϭ0͒ step is quite similar to that of the ␤2͑2ϫ4͒ surface: both are semiconducting. The LDA step formation energy for the DBA ͑Sϭ0͒ step ͑per unit step͒ is E͓DBA͑Sϭ0 ͔͒ LDA ϪE͓␤2͑2ϫ4 ͔͒ LDA ϭ0.05͑eV͒. ͑20͒
Comparison of the LCSM and LDA step formation energies ͓Eq. ͑17͒ vs Eq. ͑18͒ and Eq. ͑19͒ vs Eq. ͑20͔͒ showed that the LCSM approach reproduces reasonably well the LDAcalculated step formation energies.
VI. SUMMARY
We have shown that an algebraic LCSM approach can be used for surface and surface step formation energies. The energy parameters in this approach are derived by fitting LCSM to a set of pseudopotential LDA total-energy calculations for a few flat GaAs͑001͒ surfaces and for point defects in bulk GaAs. This set of parameters suffice to reproduce the energies of other ͑001͒ surfaces, calculated using the same LDA pseudopotential approach. Application of the LCSM method to the ''2ϫ3,'' 2ϫ6 surfaces, and the ␥ phase of the ͑2ϫ4͒ surface suggests that the As-rich h͑2ϫ3͒ surface may result from a disordered c͑8ϫ6͒ superstructure, while the 2ϫ6 surface can be explained by the equal Ga and As coverage model proposed by Biegelsen et al. On the other hand, the ␥ phase is shown to be a mixture of the ␤2͑2ϫ4͒ and c͑4ϫ4͒ surfaces. The potential for application of the LCSM method to predict formation energies of surface steps on the GaAs͑001͒-2ϫ4 surfaces is also discussed. We find that at a tiny fraction of the computational cost, the LCSM approach can be applied to GaAs͑001͒ surface steps, provided that these steps are made of the structural motifs of Fig. 4 ͑or Table III͒ and satisfy charge-compensation octet rule.
Like any other non-first-principles approach, one must decide from experience whether the LCSM approach with a given basis set of motifs can be applied to a particular surface problem. The leading approximation here is the truncation of the sum over motifs to a small number of terms ͑i.e., the first nearest neighbors͒, which also corresponds to the neglect of the interaction between motifs ͑an interaction that would have been represented by a larger-size motif in an untruncated expansion͒. The truncation implies also that the effects of strain are included via retentions of specifically strained motifs; we expect that a Keating-like valence force field approach can be implemented to account for different strain configurations without further expanding the basis of motifs.
two Ga-As bonds. Table I .
͑v͒ Rebonded Ga (3) and As (3) atoms (Type II). Another case involving rebonding is the surface Ga ͑3͒ atom in surface Ga-Ga dimers ͓viz., the Ga-Ga dimers in ␣͑4ϫ2͒, ␤͑4ϫ2͒, ␤ rep ͑4ϫ2͒, ␤2͑4ϫ2͒, and c͑8ϫ2͒ surfaces in Figs. 2 ͑3͒ atom in an As-As dimer ͓viz., the As-As dimers in ␤͑2ϫ4͒, ␤2͑2ϫ4͒, ␥͑2ϫ4͒, and c͑8ϫ2͒ surfaces in Figs. 1 and 3͔ is a Table I .
͑vi͒ Fourfold coordinated bulk antisites, Ga As (4) and As Ga (4) atoms. When a Ga atom assumes the position of a bulk As atom, this Ga atom needs to contribute 5 4 electrons to each of the four bonds. The Ga As ͑4͒ atom has, however, only three valence electrons. To avoid electron deficiency in the bonds, the Ga antisite must accept two additional electrons ͑Qϭ Ϫ2͒. Conversely, an As Ga ͑4͒ antisite is a two-electron donor ͑Qϭϩ2͒. This leads to lines 11 and 12 of Table I. ͑vii͒ Threefold coordinated surface antisites, Ga As (3) and As Ga (3) atoms [viz., ␥(2ϫ4), ␤ rep (4ϫ2), and c͑4ϫ4͒ surfaces in Figs. 1 and 2] . When a normal site Ga ͑3͒ atom ͑Zϭ31͒ is replaced by As ͑3͒ antisite ͑Zϭ33͒, an ionic charge ⌬Qϭ33 Ϫ31ϭϩ2 will be added to the ion core. At the same time, two electrons ͑⌬QϭϪ2͒ are also added to the empty dangling bond. This leads to Q͓As Ga ͔ϪQ͓Ga Ga ͔ϭ2Ϫ2ϭ0. The same is true for the Ga ͑3͒ antisites. These results can be written as lines 13 and 14 of Table I .
APPENDIX B: DETAILS OF THE LDA SUPERCELL APPROACH FOR CALCULATING STEP ENERGIES
The LDA formation energy of a step with respect to the flat surface ͑ 0 ͒ is defined as
where the first term is the LDA energy difference between and 0 , without particle conservation, i.e., ⌬E LDA * ͑ ͒ϭ⌬E LDA ͑ ; R ͒Ϫ⌬E R ͑ , R ͒ ϭE͑͒ϪE͑ 0 ͒. ͑B2͒
The second term is the reservoir energy, ⌬E R ͑ , R ͒ϭ⌬N Ga Ga ϩ⌬N As As ϭ͑⌬N Ga Ϫ⌬N As ͒ Ga Ϫ⌬N As ⌬H, ͑B3͒
of Eq. ͑9͒ at ⌬N e e ϭ0. We used in our calculation a tilted supercell ͑see Fig. 12͒ , rather than the rectangular-shaped cells. The tilted cell contains one step on each side of the slab, whereas the rectangular cell contains two steps on one side of the slab with a flat back surface. For a fixed step separation on the surface, the volume of the tilted cell is about half of the rectangular cell. However, due to the polar nature of GaAs ͑001͒ surface, it is not possible to make the two steps in the tilted cell equivalent, i.e., f b . In our calculation, we study the front surface, while the back surface is passivated by fictitious atoms. This involves an H1 ''atom,'' with no atomic core and a Li1 ''atom'' with a He core, carrying ϩ1.25 and ϩ1.5 ionic charges, respectively. Their potentials are generated in the same way as that for actual ions. The use of the fictitious atoms has negligible effects on step energies. The largest supercell used in the calculation has about 100 atoms and has a volume ͑including the vacuum region͒ equal to the volume of about 70 bulk GaAs unit cells. All atoms are fully relaxed according to their forces, except for the two outermost back surface layers, which are kept fixed. A valence force field approach 25 was used to check that the residual forces on the back surface atoms are negligible. Our calculation employs the TroullierMartins soft-core pseudopotential, 26 with a plane-wave basis. Kinetic energy cutoffs ͑E cut ͒ up to 10 Ry were used. We estimated that the errors will not exceed Ϯ0.05 eV/͑1ϫ͒.
To extract E͑͒ in Eq. ͑B2͒ from the above supercell approach, we assume that the front surface f ͑ϭ and 0 , respectively͒ and the back surface b do not interact with each other, so that
This allows us to write Eq. ͑B2͒ as 
